The pseudoscalar meson-baryon octet interaction is studied within a nonlinear realized Lagrangian, and then the Bethe-Salpeter equation is solved in the unitary coupled-channel approximation. In sector of strangeness S = −1 and isospin I = 0, only one pole is generated dynamically in the 1400MeV region, which might correspond to the Λ(1405) particle. When the case of strangeness zero is studied, the s− and u− potentials are taken into account in the kernel, and a resonance state is produced in the 1500MeV region, which might be a counterpart of the N(1535) particle.
Introduction
The chiral perturbation theory has become a powerful tool to study the pseudoscalar meson-baryon octet interaction 1,2 . However, this theory is not suitable to the energy region where the hadronic resonance appears. Therefore, a non-perturbative resummation technique has to be taken into account. By solving the Bethe-Salpeter equation in the unitary coupledchannel approximation, the hadronic resonance state can be generated dynamically [3] [4] [5] . In the calculation, the unitarity of the scattering amplitude is conserved, which implies all terms in the expansion of the scattering amplitude are included and no truncation is performed when the Bethe-Salpeter equation is solved.
The pole structure of Λ(1405)
The pseudoscalar meson-baryon octet interaction with strangeness S = −1 and isospin I = 0 was studied in the unitary coupled-channel approximation by solving the Bethe-Salpeter equation, and two poles of the scattering amplitude were found on the complex energy plane between the πΣ and KN thresholds, which were assumed to correspond to the Λ(1405) particle. Since 2016, a review article on the double-pole structure of the Λ(1405) particle had appeared in the Particle Data Group(PDG) manual, where many theoretical research works on this problem were cited 6 . However, In Ref. 7 , the loop function of the intermediate pseudoscalar meson-baryon octet is derived from the dimensional regularization scheme strictly, and the relativistic kinetic effect is taken into account when the Bethe-Salpeter equation is solved. Finally, the revised loop function in the dimensional regularization scheme takes the form of
where the G l is the original form of the loop function 8 , while √ s and P are the total energy and the momentum of the system in the center of mass frame, M l and m l are the masses of the intermediate baryon and pseudoscalar meson, respectively. In Eq. (1), the subtraction constant a l and the regularization scale µ can be regarded as one parameter in the calculation.
By fitting the energy shift and width of the 1s state of kaonic hydrogen measured precisely at the SIDDHARTA experiment at DAΦN E 9 and the branch ratios at the K − p threshold 10,11 , the subtraction constant can be determined, which are listed in Table 1 , while the regularization scale µ = 630MeV is fixed. With the loop function in Eq. (1) and the parameters in Table 1 , only one resonance state is generated dynamically between the πΣ andKN thresholds, which might be a counterpart of the Λ(1405) particle, as depicted in Fig. 1 . It implies that too many approximations had been made in the original formula of the pseudoscalar meson-baryon octet loop function when the Bethe-Salpeter equation is solved, and the double-pole structure of the Λ(1405) particle is model-dependent.
If one hopes the double pole structure of the Λ(1405) particle is correct, the pseudoscalar meson-baryon octet interaction must be studied in the unitary coupled-channel approximation by solving the Bethe-Salpeter equation with the loop function where the relativistic kinetic effect is taken into account, as used in Ref. 7 . Otherwise, the method without on-shell approximation can also be used, i.e., this problem should be recalculated by solving the integral formula of the Bethe-Salpeter equation in the unitary coupled-channel approximation. If the double-pole structure of the Λ(1405) particle can be reproduced by fitting the experimental data, our conclusion made in Ref. 7 can be certified to be incorrect. In this sense, any attempt to certify the double-pole structure of the Λ(1405) particle with the original formula of the loop function by solving the Bethe-Salpeter equation is unreasonable.
N (1535)
With the loop function in Eq. (1), we continue to study the pseudoscalar meson-baryon octet interaction in the strangeness S = 0 sector 13 . In addition to the Weinberg-Tomozawa term, the s− channel and u− channel potentials are also taken into account in the calculation.
The s− channel and u− channel potentials are weaker than the Weinberg-Tomozawa term in the pseudoscalar meson-baryon octet interaction. However, if they are included as a kernel in addition to the Weinberg-Tomozawa term when the Bethe-Salpeter equation is solved in the unitary coupled-channel approximation, the subtraction constants must be readjusted in order to produce the resonance state at the reasonable position on the complex energy plane.
A resonance state is generated dynamically in the 1500MeV region, which lies between the ηN and KΛ thresholds and can be regarded as a counterpart of the N (1535) particle. Since the πN threshold is far lower than the energy region where the N(1535) particle might be generated dynamically, it is found that the pole position is not sensitive to the subtraction constant a πN . Moreover, the mass of the N (1535) particle is close to the KΛ threshold, and the subtraction constant a KΛ has an important influence on the generation of the N (1535) particle. Therefore, the a KΛ value is stable in the calculation.
Summary
The interaction of the pseudoscalar meson and the baryon octet is studied within a nonlinear realized Lagrangian. When the Bethe-Salpeter equation is solved in the unitary coupled-channel approximation, the relativistic kinetic correction is included in the loop function of the intermediate meson and baryon, which results in only one pole corresponding to the Λ(1405) particle generated dynamically on the complex energy plane in the strangeness S = −1 and isospin I = 0 sector. When this method is extended to study the case of strangeness zero, the s− and u− channel potentials are taken into account in addition to the Weinberg-Tomozawa term. By adjusting the subtraction constants, a resonance state is generated dynamically in the 1500MeV region, which might be a counterpart of the N(1535) particle in the PDG data.
